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Abstract
Current management of sudden death syndrome (SDS) of soybean, caused by Fusarium virguliforme, focuses
on planting resistant varieties and improving soil drainage; however, these measures are not completely
effective. A 6-year study evaluated the effects of cropping system diversification on SDS and soybean yield.
SDS, root health, yield, and F. virguliforme density in soil were assessed in a naturally infested field trial
comparing a 2-year cropping system consisting of a corn-soybean rotation and synthetic fertilizer applications
with 3- and 4-year cropping systems consisting of corn-soybean-oat + red clover and corn-soybean-oat
+alfalfa-alfalfa rotations, respectively, with both manure and low synthetic fertilizer rates. In 5 of 6 years, SDS
incidence and severity were lower and yield higher in the 3- and 4-year systems than in the 2-year system. SDS
severity and incidence were up to 17-fold lower in the diversified systems than in the 2-year system. Incidence
and severity of SDS explained 45 to 87% of the variation in yield. Plants in the 2-year system generally showed
more severe root rot and lower plant weights than plants in the diversified systems. F. virguliforme density in
soil was up to fivefold greater in the 2-year system compared with the 4-year system. The processes responsible
for the suppression of SDS and yield protection in the diversified cropping systems still need to be
determined.
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L. F. S. Leandro,† S. Eggenberger, C. Chen, J. Williams, and G. A. Beattie, Department of Plant Pathology and Microbiology; and
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Abstract
Current management of sudden death syndrome (SDS) of soybean,
caused by Fusarium virguliforme, focuses on planting resistant varieties
and improving soil drainage; however, these measures are not completely
effective. A 6-year study evaluated the effects of cropping system diver-
sification on SDS and soybean yield. SDS, root health, yield, and F. vir-
guliforme density in soil were assessed in a naturally infested field trial
comparing a 2-year cropping system consisting of a corn-soybean rota-
tion and synthetic fertilizer applications with 3- and 4-year cropping sys-
tems consisting of corn-soybean-oat + red clover and corn-soybean-oat +
alfalfa-alfalfa rotations, respectively, with both manure and low synthetic
fertilizer rates. In 5 of 6 years, SDS incidence and severity were lower and
yield higher in the 3- and 4-year systems than in the 2-year system. SDS
severity and incidence were up to 17-fold lower in the diversified systems
than in the 2-year system. Incidence and severity of SDS explained 45 to
87% of the variation in yield. Plants in the 2-year system generally
showed more severe root rot and lower plant weights than plants in the
diversified systems. F. virguliforme density in soil was up to fivefold
greater in the 2-year system compared with the 4-year system. The
processes responsible for the suppression of SDS and yield protection
in the diversified cropping systems still need to be determined.
Soybean (Glycine max (L.) Merrill) sudden death syndrome (SDS)
is a disease of major importance in North and South America (Hartman
et al. 2015a; Wrather et al. 2010). Estimates of annual yield losses in
the United States due to SDS have ranged between 0.6 and 1.9 mil-
lion metric tons during the years from 2006 to 2014 (Allen et al.
2017), accounting for $200 to 750 million in monetary losses (Navi
and Yang, 2016a). In North America, the soilborne fungus Fusarium
virguliforme causes SDS (Aoki and O’Donnell 2003) but additional
species cause the disease in South America (Aoki et al. 2012). Infec-
tion occurs through the roots in early soybean growth stages (Gao
et al. 2006; Rupe and Gbur 1995) and is favored by cool soil temper-
atures (Gongora-Canul and Leandro 2011b; Scherm and Yang,
1999). Plants infected by F. virguliforme can develop root symptoms
characterized by brown discoloration and poor root development
(Hartman et al. 2015b), and foliar symptoms characterized by inter-
veinal chlorosis and necrosis, followed by premature defoliation and
senescence (Roy et al. 1997). Foliar symptoms typically develop dur-
ing soybean reproductive stages and are caused by F. virguliforme
phytotoxins that are moved from the roots to the shoots in the plant’s
vascular system (Brar et al. 2011; Huang and Hartman 1998). The ex-
pression of foliar symptoms is favored by abundant soil moisture
(Leandro et al. 2013; Scherm andYang 1996); therefore, it is possible
for plants to be infected without showing visible foliar symptoms
when field soil conditions are dry.
Existing management of SDS currently emphasizes using resistant
varieties, improving soil drainage, and reducing soil compaction
(Hartman et al. 2015a; Leandro et al. 2012). More recently, a fungi-
cide treatment has been shown to reduce SDS and confer a yield ben-
efit when applied as a seed treatment (Kandel et al. 2016a; Weems
et al. 2015). However, none of these approaches is completely effec-
tive against the disease. Soybean resistance to SDS is controlled by
multiple genes (Lightfoot 2015), and even the most resistant varieties
can develop SDS under favorable conditions, particularly in fields
with high inoculum pressure and abundant soil moisture (de Farias
Neto et al. 2006; Kandel et al. 2016a; Scherm et al. 1998). Cultural
practices that improve soil drainage can help manage SDS but their
effectiveness can be highly dependent on environmental conditions.
Delayed planting has been reported to reduce SDS (Hershman et al.
1990) but a more recent multistate study found no consistent effect of
planting date on SDS and no correlation between soil temperature
and SDS development (Kandel et al. 2016b).
Crop rotation can be a valuable approach for maintaining soil fer-
tility, enhancing crop productivity, improving yield stability, and
suppressing certain insect pests, weeds, and plant pathogens (Ball
et al. 2005; Gaudin et al. 2015; Karlen et al. 1994; Kirkegaard et al.
2008; Liebman and Staver 2001). However, thewidespread use of syn-
thetic fertilizers and pesticides has favored the prevalence of short ro-
tation sequences and, in some cases, the production of crops in
continuous monocultures (Power and Follett 1987). Crops grown
in short rotations and monocultures often yield considerably less than
in extended rotations, even when treated with agrichemicals (Bennett
et al. 2012). In a substantial number of cases, this yield decline has
been attributed to soil microorganisms that are affected by cropping
system diversity (Bennett et al. 2012; Kirkegaard et al. 2008).
The impact of cropping system diversification on SDS is not well
understood but several studies have suggested that crop rotations can
affect SDS development. For example, F. virguliforme density in soil
was lower when soybean was in rotations with wheat and sorghum
than when soybean was in rotation with fescue (Rupe et al. 1997).
In an Argentinian study focused on the SDS-causing species F. cras-
sistipitatum, SDS severity was lower in a soybean rotation with corn
than in a soybean monoculture (Perez-Brandan et al. 2014). How-
ever, rotations do not eliminate SDS, because SDS outbreaks have
been reported in soybean fields following rotations with wheat, sor-
ghum, corn, fescue, rice, and cotton (Rupe et al. 1997). Other studies,
in contrast, have suggested that the corn-soybean rotation common in
theMidwestern United States is associated with increased rather than
decreased F. virguliforme density in soil (Navi and Yang 2016b;
Westphal and Xing 2011; Xing and Westphal 2009).
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The loss of crop diversity in the Midwestern United States, due es-
pecially to reductions in small grain, hay, and pasture production, is
linked with significant reductions in livestock production in the re-
gion (Sulc and Tracy 2007). Consequently, the application of manure
to cropland became less common (Magdoff et al. 1997). Application
of manure can promote nutrient recycling, maintenance of soil or-
ganic matter (Russelle et al. 2007), and suppression of certain soil-
borne diseases through changes in soil chemical, physical, and
biological characteristics (Bailey and Lazarovits 2003). The impact
of composted manure applications on SDS is poorly understood
(Marzano et al. 2015).
The objective of this study was to assess the effects of cropping
system diversification, encompassing both crop rotations and com-
posted manure amendments, on soybean SDS, soil pathogen popula-
tions, root health, and yield under field conditions. This study was
conducted on a naturally infested field with a long-term history of
cropping system diversification treatments in Iowa.
Materials and Methods
Design and management of the experiment. Work reported in
this study was conducted during 2010 to 2015 within a cropping sys-
tems experiment initiated in 2001 at Iowa State University (ISU)’s
Marsden Farm in Boone County, IA (Davis et al. 2012; Go´mez
et al. 2012; Liebman et al. 2008). The experiment was established
with the goal of comparing agronomics, weed management, and
economics between the corn-soybean system that predominates the
Midwestern United States and more diversified cropping systems
comprising longer crop rotations and composted manure amend-
ments. In 2010, there was a severe outbreak of SDS at the Marsden
Farm site (Leandro et al. 2013) that resulted in the fortuitous obser-
vation of differences in SDS development among the cropping sys-
tems. This initiated the 6-year study reported here on the impact of
cropping system diversification on SDS. Soils at the site are Molli-
sols, including Clarion loam and Webster silty clay loam, and were
naturally infested with F. virguliforme. Temperature and precipita-
tion data were collected 1 km from the study site (Supplementary
Table S1).
The experiment followed a randomized complete block split-plot
design with four blocks. Main plots (18 by 84 m) were assigned to
three cropping systems and subplots (9 by 84 m) were assigned to
two weed management regimes (Table 1). No artificial F. virguli-
forme inoculum was added to the field plots.
Cropping system—Main plots. Main plot treatments were 2-
year, 3-year, and 4-year cropping systems defined by crop rotation
and fertility regime (Table 1). The 2-year cropping system consisted
of a corn (Zea mays L.)-soybean rotation managed with practices typ-
ically used in the region. Synthetic fertilizers were applied at standard
rates based on soil test information (Supplementary Table S2). The 3-
year and 4-year cropping systems were intended to represent farming
systems that integrate livestock with diversified crop production.
Consequently, the 3-year corn-soybean-oat (Avena sativa L.) +
red clover (Trifolium pratense L.) rotation and the 4-year corn-
soybean-oat + alfalfa (Medicago sativa L.)-alfalfa rotation were man-
aged with applications of composted cattle manure and reduced rates
of synthetic fertilizers.
Corn and soybean were grown for grain, oat was grown for grain
and straw, alfalfa was grown for hay, and red clover was grown
solely as a cover crop. Because each crop phase within each rotation
was grown each year, there were nine main plots in each of the four
replicate blocks (Fig. 1). Soybean was grown following corn in each
of the different crop rotations. After harvest, corn stalks were shred-
ded mechanically and plots were tilled with a chisel plow to a depth
of 30 to 35 cm. The following spring, soybean plots were leveled
with a field cultivator before planting. Soybean was sown in mid
to late May each year (Table 1); in 2010 and 2014, separate blocks
of replicates were planted a week apart due to variation in soil mois-
ture conditions within the field.
Composted manure was produced at the ISU Compost Facility
(http://farms.ag.iastate.edu/compost-facility-pdf), using a mixture
of manure and bedding wastes from ISU animal farms and yard
and cornstalk wastes from ISU plant facilities. Manure was applied
to plots of red clover and alfalfa in the 3-year and 4-year systems
in the fall preceding corn at a mean rate of 8.8 metric tons of dry mat-
ter per hectare. The composition of the composted manure varied
among years, presumably as the result of variations in specific com-
binations of substrates used to generate the compost and the length of
the composting process. Mean concentration of N, P, and K added by
the manure was 128, 44, and 143 kg ha−1, respectively. Coefficients
of variation among years for N, P, and K concentrations were 32, 57,
and 25%, respectively.
Weed management regime—Subplots. Subplot treatments con-
sisted of two weed management regimes, standard and low herbicide,
defined by herbicide, mechanical cultivation, and crop genetics
(Table 1). Corn and soybean crops grown under the standard regime
received broadcast applications of preemergence (corn) or postemer-
gence (soybean) herbicides (Supplementary Table S3); no interrow
cultivations were conducted. Corn and soybean crops grown under
the low-herbicide regime received 38-cm bands of postemergence
Table 1. Field plot treatments used in the long-term cropping system study at Iowa State University’s Marsden Farm (Boone, IA)a
Cropping system (main plot treatments) Weed management regime (subplot treatments)
Parameters 2-year 3-year 4-year Standard Low-herbicide
Year … …
1 Corn Corn Corn … …
2 Soybean Soybean Soybean … …
3 Corn Oat + red clover Oat + alfalfa … …
4 Soybean Corn Alfalfa … …
Fertilizationb Conventional Manure + synth Manure + synth … …
Herbicide … … … Broadcast preemergence (corn)
or postemergence (soybean)
Postemergence herbicides sprayed
over 38-cm bands
Interrow cultivation … … … None Once or twice per season
Genotype … … … Transgenic (all years)c Nontransgenic in 2010 to 2013, same transgenic
as in standard in 2014 to 2015
a Cropping system treatments (comprising crop rotation and fertilization regime) were assigned to 24-row main plots. Weed management regimes (comprising
herbicide, tillage, and crop genotype) were assigned to 12-row subplots within each of the main plot. Main plot and subplot treatments were maintained from one
year to the next within assigned areas.
b Conventional = synthetic fertilizers at conventional rate and Manure + synth = manure + low synthetic fertilizer rate. The 3-year and 4-year cropping systems
utilized farm management practices typical of a row-crop + beef cattle operation; hence, some of the corn nutrient requirement was provided via composted
manure.
c Transgenic genotypes = corn hybrid with Bt gene for insect resistance and soybean variety with glyphosate tolerance. Similar hybrids, without transgenic traits,
were used in the low-herbicide weed management subplots in 2010 through 2013. In 2014 and 2015, the same corn and soybean varieties were used in both
standard and low-herbicide weed management subplots.
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herbicides sprayed over rows; interrow areas were cultivated with
sweeps to a depth of 10 cm once or twice per season. Herbicides used
differed between the standard and low-herbicide regimes and varied
among years (Hunt et al. 2017), depending on weed species identity,
population densities, and stages of development. Choices of herbi-
cides and their application rates followed recommendations from
ISU’s weed management specialists (Owen and Hartzler 2016).
Oat, red clover, and alfalfa main plots were not subjected to different
weed management regimes; weeds were suppressed by clipping oat
stubble, red clover, and alfalfa 28 to 35 days after oat harvest, and
by cutting and removing alfalfa hay three to five times per season.
Crop genotypes. In 2010 to 2013, different corn hybrids and
soybean varieties were used in each of the two weed management re-
gimes. Transgenic corn and soybean genotypes were used in the stan-
dard regime, and nontransgenic genotypes with similar maturities
were used in the low-herbicide regime. This approach allowed a com-
parison of different “technology packages” (Go´mez et al. 2012) but it
confounded crop genetics with weed management strategies. There-
fore, in 2014 to 2015, a single nontransgenic corn hybrid and a single
transgenic soybean variety with glyphosate resistance were used in
both the standard and low-herbicide regimes. The transgenic corn hy-
brid had Bt (Bacillus thuringiensis) traits to control European corn
borer (Ostrinia nubilalis) and corn rootworm (Diabrotica spp.),
and the transgenic soybean had resistance to the herbicide
glyphosate.
Soybean genotypes were frommaturity groups 2.7 to 2.9. The soy-
bean genotypes planted in 2010 to 2013 differed in resistance to SDS.
The genotype used in the standard weed management regime in 2010
through 2013 (Kruger K-287RR/SCN) was ranked as highly resistant
to SDS in variety trials conducted in 2007 and 2008 at Southern Illi-
nois University at Carbondale (SIUC) (Jason Bond, SIUC, personal
communication). In contrast, variety K2918SCN used in the low-
herbicide regime was ranked as susceptible based on field trials
conducted at the University of Illinois Urbana-Champaign (UIUC)
(Wayne Pederson and Keith Ames, UIUC, personal communication).
The soybean variety used in 2014 to 2015, Latham L2758 R2, was
rated as resistant in variety trials conducted at SIUC (Jason Bond,
SIUC, personal communication). All soybean plots were treated with
l-cyhalothrin (0.033 kg a.i. ha−1) on 17 July 2013 to suppress Japa-
nese beetle (Popillia japonica); no other insecticides were sprayed
during the course of the study.
A single oat variety (IN09201) was used in the 3-year and 4-year
cropping systems for the duration of the study. In the 3-year system,
Duration red clover was grown with oat in 2010 to 2013 and South-
ern Belle was used in 2014 to 2015. In the 4-year system, Freedom
alfalfa was used for hay production in 2010, FSG 400LH was used
in 2011 to 2012, and Pioneer 53H92 was used in 2013 to 2015.
Disease and plant assessments. Soybean plots were evaluated for
SDS foliar incidence and severity from 2010 to 2015 (Table 2) when
plants were at or close to the R6 (full seed) growth stage (Fehr et al.
1971). From 2010 through 2013, incidence ratings were based on
whole-plot estimates of the percentage of plants showing foliar
SDS symptoms, and severity was estimated as the percentage of leaf
area with SDS symptoms on diseased plants. In 2014 and 2015, in-
cidence and severity were assessed in 10 quadrants, each 4.65 m2,
spaced evenly throughout each subplot. In each quadrant, incidence
was evaluated as the percentage of plants showing SDS symptoms
and severity was evaluated on a 1-to-9 rating scale, where 1 = low
severity and 9 = high severity (Njiti et al. 1998).
Plants were evaluated for root rot severity and root and shoot
weight from 2010 to 2013 (Table 2). In 2010, plants were sampled
once at the R5-R6 growth stage (14 September) and rated for root
rot severity and root dry weight. In 2011 to 2013, plants were sam-
pled 10 days after emergence (DAE) and at the R2, R3-R4, and
R5-R6 growth stages (Table 2). Two plants were arbitrarily sampled
at each of five points spaced evenly throughout the length of each
subplot. Plants were removed from the soil, shaken to remove the
bulk soil, and taken to the lab in coolers within 2 h of sampling.
Shoots were separated from roots at the soil line. Roots were then
washed in running tap water and rated for root rot severity, which
was evaluated as the percentage of the total root area showing brown
or black discoloration. Root and shoot dry weights were measured af-
ter oven drying at 70°C for 24 h.
The incidence of plants with F. virguliforme-infected roots was
assessed in 2011 to 2013 (Table 2) by plating root pieces from col-
lected plants. Before roots were oven dried, 5 pieces (<1 cm in
length) were cut from both tap roots and lateral roots (10 pieces
per plant), with preferential selection from discolored root areas,
when present. Fresh weights of whole-root systems and root pieces
were obtained before they were oven dried. Excised root pieces were
surface disinfested in 0.525% sodium hypochlorite for 2 min, rinsed
Fig. 1. Diagram showing locations of corn (C), soybean (S), oat (O), and alfalfa (A)
plots during an arbitrary 4-year period in one of the four replicate blocks at Iowa
State University’s Marsden Farm long-term cropping system diversification trial. The
study used a split-plot, randomized complete block design, with cropping system
assigned to main plots and weed management to subplots. Each block has nine
plots to accommodate all crop phases of the 2-year (white), 3-year (light gray), and
4-year (dark gray) cropping system cycles, which were randomly assigned to 18-m-
wide (24 rows) by 84-m-long main plots. The bottom panel shows locations of the
two weed management regimes, which were randomly assigned to 9-m-wide strips
(12 rows) in each main plot. In the 3-year system, oat was seeded with red clover.
In the 4-year system, oat was seeded with alfalfa, which was maintained into the
fourth year.
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in sterile distilled water, blotted dry on sterile paper towels, and
plated on modified Nash-Snyder medium (Rupe et al. 1997). F. vir-
guliforme colonies were identified by visual examination of colony
morphology (Aoki and O’Donnell 2003).
Soybean seed yields were determined at crop maturity in all years
(Table 2) from six rows and the entire length of each subplot (har-
vested area = 378 m2) using a combine harvester and a weigh wagon.
Reported soybean yields were adjusted to 13% moisture.
Quantification of F. virguliforme density in soil. Quantitative
polymerase chain reaction (qPCR) was used to determine F. virguli-
forme population density in soil collected from soybean and corn
plots from the 2-year and 4-year cropping systems. Samples were
collected on 10 October 2012 and 25 July 2013 from the low-
herbicide subplots only. Soil was sampled using a 2.54-cm-
diameter soil probe inserted to a depth of 15 cm. In 2012, each
subplot was divided equally into three sections and four cores were
taken from each section, with sampling points located at the corners
of a 6.4-by-0.76-m rectangle. At each sampling point, a soil core was
taken 5 cm away from roots, avoiding plant roots and debris. All four
soil cores from the same section were placed into a sterile plastic bag
and mixed thoroughly; approximately 1 g of soil was immediately
transferred to a sterile, 1.5-ml microfuge tube and placed on dry
ice. To minimize microbial and DNA cross-contamination, the soil
probes were sprayed with 70% ethanol and wiped with autoclaved
paper towels after sampling each section. In total, 12 pooled soil
samples (three sections from a single subplot per treatment, from
four replicate blocks) were collected for each treatment in 2012. In
2013, two soil cores, located 12.2 m apart, were collected from each
of three sections per subplot and were again pooled within a section,
resulting again in 12 pooled samples per treatment. All soil samples
were stored at −80°C until they were used for DNA extraction.
Prior to DNA extraction, microfuge tubes containing frozen soil
samples were thawed for 2 to 3 h on ice. Approximately 0.2 g of soil
was used for DNA extraction following the manufacturer’s instruc-
tions (PowerLyzer PowerSoil DNA Isolation Kit; MO BIO Labora-
tories, Inc., Carlsbad, CA), with the homogenization step set at
4,000 rpm for 2 min. The DNA concentration was measured using a
NanoDrop 8000 Spectrophotometer (Thermal Scientific, Wilmington,
DE) after eluting the samples with 100 ml of 10 mM Tris buffer.
To quantify F. virguliforme in soil, the qPCR method developed
by Wang et al. (2015) was used, with minor modifications. Specifi-
cally, the qPCR was carried out in a 10-ml reaction, including 5 ml of
KAPA PROBE Force Universal 2× qPCR Master Mix (Kapa Bio-
System, Wilmington, MA), 2 ml of template (DNA samples, with
and without 10× dilution), and primers (F6-3 and R6) and probe
(F. virguliforme Prb-3) (Wang et al. 2015) at final concentrations
of 300 and 150 nM, respectively. The following thermal profile
was used: 3 min at 98°C, followed by 40 cycles of 3 s at 95°C and
45s at 60°C, with a threshold cycle set manually at a fluorescence
value of 2,000. The copy number of the F. virguliforme-specific
intergenic spacer (IGS) sequences was estimated using methods de-
scribed previously (Yang et al. 2016). Briefly, the observed quantita-
tion cycle (Cq) values were fitted into a standard curve, which was
obtained by linear regression of Cq values against log-transformed
concentrations of synthetic, double-stranded DNA, which contained
targeted IGS priming and probing sites (gBlock; Integrated DNA
Technologies, Coralville, IA). For samples with low F. virguliforme
populations and, hence, with high Cq values outside the detection
limit (logarithm of odds), extrapolation from the standard curve
was used, instead of assigning a single Cq value (e.g., 40) to samples
outside the detection limit. Our modifications of the original qPCR
assay developed byWang et al. (2015) included reducing the total re-
action volume by half, using the rapid cycling thermal profile recom-
mended by the Kapa Probe Force kit, and omitting an internal
standard; these enabled us to rapidly quantify F. virguliforme popu-
lations with PCR efficiencies at or above 98.5% over a wide range of
target concentrations (at least five orders of magnitudes). The detec-
tion limit, estimated as 10 to 100 IGS copies per reaction or a Cq
value of 30 to 32, is similar to those described by previous authors
(Kandel et al. 2015; Wang et al. 2015). The specificity of the qPCR
assaywas validated by includingDNA samples (provided byDr. Kerry
O’Donnell, United States Department of Agriculture–Agricultural
Research Service) of characterized Fusarium spp. strains capable of
causing SDS; only F. virguliforme strains produced low Cq values
(data not shown).
Soybean cyst nematode density in soil. Soil population density
of the soybean cyst nematode (SCN; Heterodera glycines) was mea-
sured in 2010 to 2012. Soil samples were collected on 7 to 11 October
2010, 12 October 2011, and 24 September 2012 from soybean plots
each year. Soil was sampled at 20 points within each subplot, with
sampling sites evenly distributed along the length of the subplot. Soil
cores were collected with a 3.17-cm-diameter soil probe inserted to a
depth of 20 cm and divided into 0-to-10- and 10-to-20-cm portions;
for each subplot, the 20 subsamples for a given depth were pooled.
Soil samples were stored at 4°C until processing. SCN eggs were
counted as described by Faghihi and Ferris (2000).
Data analysis. Data for each year were analyzed separately due to
differences in weed management protocols, SDS rating approach,
and SDS intensity among years. The variables SDS incidence and se-
verity, root rot severity, root and shoot dry weight, seed yield, and
SCN density were analyzed using SAS PROC MIXED (version
9.4; Statistical Analysis Systems, Cary, NC). Cropping system (main
plot treatment) and weed management regime (subplot treatment)
were classified as fixed factors and block was classified as a random
Table 2. Dates for soybean planting, harvest, and assessments conducted at Marsden Farm from 2010 to 2015
Parameters Assessment dates follow soybean planting dates in each year
Soybean planting dates 19 and 25 May 2010a 18 May 2011 14 May 2012 15 May 2013 23 and 30 May 2014a 22 May 2015
Root rot severity (percent root area with dark
discoloration), root dry weight, shoot dry
weight, and incidence (%) of plants with
roots colonized by F. virguliforme at
soybean growth stage
10 days after emergence − − 3 June 30 May 3 June − − − −
R1 to R2 − − 5 July 2 July 8 July − − − −
R3 to R4 − − 1 August 19 July 29 July − − − −
R5 to R6 14 September 24 August 20 August 20 August − − − −
F. virguliforme population density in soil − − − − 10 October 25 July − − − −
SCN population density in soil (eggs in 100
cm3 of soil)b
7, 11 October 12 October 24 September − − − − − −
SDS foliar incidence and severityc 3 September 22 August 4 September 4 September 5 September 4 September
Soybean yield (harvest date) 5 October 7 October 28 September 10 October 10 October 8 October
a Soybean planting was delayed briefly by weather in 2010 and 2014.
b SCN = soybean cyst nematode.
c Incidence = percentage of plants in the plot with sudden death syndrome (SDS) foliar symptoms at soybean growth stage R6 and severity = percentage of foliage
in the plot (2010 to 2013) or quadrat (2014 and 2015) SDS symptoms at growth stage R6.
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factor. Cropping system effects were tested against the sum of
squares for cropping system × block, while weed management
and cropping system × weed management effects were tested
against the residual error. Orthogonal contrasts were used to com-
pare least-squares means for cropping system treatments. The
same model and contrasts were employed to compare differences
in the frequency of detection of F. virguliforme in soybean root sys-
tems in the treatments, but SAS PROC GLIMMIX with a logit link
function was used due to the binomial nature of the data. Linear re-
gression analyses were conducted using SAS PROCREG to examine
the reduction in yield explained by increasing SDS incidence and
SDS severity. Regression analyses were conducted for each year, us-
ing data per main plot (n = 12). Data for F. virguliforme density in
soil were transformed to the log10 scale and analyzed using the PROC
MIXED procedure, with cropping system handled as a fixed factor
and block as a random factor. Because F. virguliforme density in soil
was sampled in both corn and soybean plots, statistical analyses of
soil data tested for differences in cropping systems (2-year or 4-year)
and crops (corn or soybean) within cropping system. Weed manage-
ment regime was not included in the model for F. virguliforme den-
sity in soil because soil samples for F. virguliforme quantification
were collected only from the low-herbicide subplots.
Results
Cropping system and weed management regime significantly af-
fected all variables tested. The interaction between cropping system
and weed management was not significant for most of the variables
and assessment times tested; therefore, data are presented for main
plot (cropping system) effects only, except when otherwise noted.
SDS severity and incidence. In all years of the study, foliar SDS
symptoms were observed at soybean growth stage R5-R6, with inci-
dence and severity generally being higher in 2010 and 2013 to 2015
and lower in 2011 and 2012 (Fig. 2). The main effect of cropping sys-
tem was significant in all years for SDS severity and in all years, ex-
cept 2011 and 2012, for SDS incidence. In these 2 years, weather
conditions were unfavorable for disease development due to low pre-
cipitation. Mean SDS incidence in the 2-year cropping system
reached 49 to 71% in 2010 and 2013 to 2015; in these years, inci-
dence in 2-year system was consistently higher than incidence in
the 3- and 4-year systems (P < 0.05) (Fig. 2A). In 2011 and 2012,
mean incidence ranged from 0 to 11%, with no differences between
cropping system treatments. The mean incidence did not differ be-
tween 3-year and 4-year systems in most years. However, in 2014,
foliar symptom incidence in the 3-year system varied from 11 to 73%
(mean = 34%) but only from 0 to 3% in the 4-year system (mean =
1%). The main effect of weed management regime was significant
(P < 0.05) in 3 years (2010, 2011, and 2013), when the incidence
of SDS was higher in the low-herbicide weed management regime
than in the standard system. However, in 2014 and 2015, when the
same soybean variety was used in both standard and low-herbicide
weed management regimes, SDS incidence was similar in both re-
gimes (data not shown).
Mean SDS severity was greater in the 2-year system compared
with the average of the 3- and 4-year systems in all years (P <
0.04) (Fig. 2B). In 2010 and 2013, SDS severity reached 68 and
39%, respectively. In 2014 and 2015, disease severity values,
assessed using a 1-to-9 scale (Njiti et al. 1998), indicated that SDS
symptoms affected as much as 40 and 60% of the canopy in 2-year
cropping system plots (Fig. 2B). Foliar symptoms were more severe
in 3-year than in 4-year system plots in 2011 and 2014 (P < 0.04) but
this trend was not observed in the other 4 years of the study.
The main effect of weed management regime was significant (P <
0.05) for SDS foliar severity in all years except 2014. In years when
weed management differences were present, mean SDS severity was
lower in the standard regime than in the low-herbicide regime (data
not shown). In 2014 and 2015, when the same soybean variety was used
in both standard and low-herbicide weed management regimes, SDS se-
verity in the 2-year cropping systemwas similar in both (data not shown).
The interaction of cropping system and weed management regime
effects influenced SDS incidence in 2010 and 2013 and SDS severity
in 2011 and 2012 (P < 0.05). However, the interactions indicated that
differences due to cropping system effects differed in magnitude
within each weedmanagement regime, whereas response trends were
similar. For example, in 2010, incidence was 27, 4, and 2% for the
standard herbicide system, and 97, 8, and 6% for the low-herbicide
system for the 2-, 3-, and 4-year cropping systems, respectively. A
significant interaction was also observed when severity was very
low, as in 2012, when severity was 0% in all cropping system treat-
ments with standard herbicide regime, but 34%, 1% and 5% in 2-, 3-
and 4-year systems with the low herbicide. In 2014 and 2015, when
weed management regime was not confounded with soybean variety,
the interaction of cropping system and weed management was not
significant for incidence or severity.
Yield and relationship between yield and SDS. In 5 of the 6
years, mean soybean yields, averaged over both weed management
regimes, were significantly lower (P < 0.02) in the 2-year system
compared with the average of the 3- and 4-year systems. In 2012,
when there was little disease pressure, yield did not differ among
treatments (Fig. 2C). Yields in the 3- and 4-year systems were similar
in all years except 2015, when yield in the 4-year system was higher
(P = 0.05). Mean yields in the 2-year system plots were 0 to 42%
lower than in the 3-year system plots and 7 to 41% lower than in
the 4-year system plots.
Linear regression analysis showed that yield decreased signifi-
cantly as SDS incidence and severity increased (P < 0.008) in all
years except 2012. Data for 2012 were not included in this analysis
Fig. 2. A, Mean incidence of plants with sudden death syndrome (SDS) foliar
symptoms; B, mean severity of SDS symptoms; and C, mean yield in soybean
plots in 2-year, 3-year, and 4-year cropping systems (black, gray, and white bars,
respectively) near Boone, IA, at the Iowa State University Marsden Farm in 2010
through 2015. In 2010 to 2013, incidence and severity were estimated for entire
plots, and severity is presented as percent leaf area with SDS symptoms on
diseased plants (left axis). In 2014 to 2015, severity was rated at 10 points in each
plot using a 0-to-9 scale (right axis) (Njiti et al. 1998), and averaged. Disease
ratings were estimated at soybean growth stage R6. Means presented are for the
main effect of cropping system, averaged over weed management regime, because
the interaction of cropping system and weed management was generally not
significant. Error bars indicate standard errors of mean values.
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due to low disease pressure associated with drought. SDS incidence
explained 87, 53, 49, 64, and 76% of the variation in yield and SDS
severity explained 45, 45, 28, 57, and 69% of the variation in yield in
2010, 2011, 2013, 2014, and 2015, respectively. Over these 5 years,
an average of 66% of the variation in yield was explained by SDS in-
cidence, and SDS severity explained 49% of the variation in yield.
Yield differed between the two weed management regimes in all
years (P < 0.02), except 2012 and 2014. From 2010 to 2013, when
the two systems used different herbicide regimes and different soy-
bean cultivars, the mean yield from standard management plots
(annual yield = 3,249 kg ha−1) was higher than mean yield from
low-input plots (3,004 kg ha−1) (P = 0.0012). In contrast, mean yield
was lower in the standard system (3,677 kg/ha) compared with the
low-herbicide system (3,867 kg ha−1) in 2015 (P = 0.0376), when
a single soybean cultivar was used in both herbicide regimes.
Significant interactions between cropping system and weed man-
agement regimes were evident in soybean yields for 2010, 2012, and
2013. However, in these years, the cropping system effect was sim-
ilar within each weed management regime, with lower yields ob-
served in the 2-year system and the highest yields in the 3- and 4- year
systems (Fig. 2C). For example, in 2010, yield reductions for 2-year
compared with 3-year systems were 22% in the standard manage-
ment treatment and 61% in the low-herbicide system. In 2014 and
2015, when weed management regime was not confounded with soy-
bean variety, the interaction of cropping system and weed manage-
ment regime was not significant.
Root rot severity. Differences in root rot severity were not ob-
served at 10 DAE but cropping system effects (P < 0.05) were ob-
served in four of the eight assessments conducted during reproductive
growth stages (Fig. 3). Root rot severity tended to increase over the
growing season, and was lowest (<10%) in 2012, the year with the
driest conditions. Orthogonal contrasts showed that root rot severity
was significantly greater (P < 0.02) in the 2-year system compared
with the average of the 3- and 4-year systems at R1-R2 in 2013, at
R3-R4 in 2011 and 2013, and at R5-R6 in 2012. Root rot severity
generally did not differ between the 3- and 4-year systems. Root
rot severity was not influenced by weed management regime (P >
0.05), except on one date in 2011 (10 DAE), when root rot was
4.1% in the standard regime and 1.9% in the low-herbicide regime
(P > F = 0.0371; data not shown). The interaction of cropping system
and weed management regime never showed a significant impact on
root rot severity.
Root and shoot dry weight.Root dry weights were lower in the 2-
year compared with the 3- and 4-year systems at some but not all as-
sessment times (Fig. 3). Root dry weights were similar in the 3- and
4-year systems at nearly all assessment times. Orthogonal contrasts
showed that root dry weight was lower (P < 0.02) in the 2-year sys-
tem, compared with the average of the 3- and 4-year systems, at R1-
R2 in 2011 and 2013, at R3-R4 in 2011 and 2013, and at R5-R6 in
2012 and 2013, but never at 10 DAE. Root dry weights in the two
weed management regimes differed (P < 0.05) at seven assessment
times but lower root weights were not consistently associated with
a single weed management regime. An interaction of cropping sys-
tem and weed management regime was not detected in root dry
weight data.
The 3-year and 4-year cropping systems had higher shoot dry
weights than the 2-year system at the R1-R2, R3-R4, and R5-R6
growth stages in 2011 and 2013 (P < 0.05) (Fig. 4). Cropping system
did not influence shoot dry weight in 2012 or at 10 DAE in any of the
3 years. Orthogonal contrasts indicated that shoot dry weights in
the 3-year and 4-year systems were similar in all samples, except
at the R5 to R6 growth stage in 2013, when 4-year system plots
had higher shoot weights (Fig. 4) (P# 0.05). Shoot dry weights were
greater (P < 0.05) in the standard weed management regime than in
the low-herbicide regime; this trend was consistent in all assessments
except at 10 DAE in 2012. The interaction of cropping system and
weed management regime was significant (P > 0.05) only at growth
stage R2 in 2011.
Incidence of F. virguliforme detection in roots.When root tissue
samples were plated, F. virguliformewas observed infrequently at 10
DAE and at soybean growth stage R1-R2, but detection increased in
frequency with plant age. At growth stage R3-R4, F. virguliforme
was detected in 3 to 40% of the roots in 2011 to 2013 but differences
in cropping systems were not significant (data not shown). At growth
stage R5-R6, F. virguliforme was isolated from more plants in the 2-
year system than in the 3- or 4-year systems in 2012 (83, 7, and 17%,
respectively; P < 0.05) and in 2013 (37, 17, and 12%, respectively;
P = 0.08 and 0.03), but incidence of F. virguliforme detection did
not differ in 2011. In all 3 years, cropping system–weed management
interactions did not affect the incidence of F. virguliforme in soybean
root systems.
F. virguliforme and SCN densities in soil. When soil density of
the SDS pathogen was estimated based on quantification of F. virgu-
liforme targets in the total microbial DNA, higher densities of F. vir-
guliformeDNAwere detected in soil from 2-year system plots than in
soil from the 4-year system (Fig. 5), and these differences were de-
tected in both corn and soybean plots. In 2012, when the F. virguli-
forme population sizes were estimated after crop harvest, F.
virguliformewas found to be approximately 5.4 times more abundant
in the 2-year than the 4-year system (P = 0.0011). In 2013, when soil
samples were collected during the middle of the growing season,
similar trends were observed: F. virguliforme was more abundant
in the 2-year systems for both crops (P = 0.0016 when averaged over
both crops).
In 2010 and 2012, average SCN counts were below 800 eggs per
100 cm3 for all treatments, and there was no significant effect of
cropping system and weed management (P > 0.05) on SCN population
density at either the 0-to-10- or 10-to-20-cm soil depths. In 2011, the
main effect of cropping system was significant (P = 0.05), with higher
SCN counts in the 2-year system (2,781 eggs cm−3 of soil) compared
with the 3- and 4-year systems (574 and 900 eggs cm−3 of soil, respec-
tively) at the 0-to-10-cm depth. There were no differences in egg
counts between treatments at the 10-to-20-cm soil depth, where SCN
egg counts varied from 141 to 230 eggs cm−3 of soil.
Discussion
Our findings suggest that cropping system diversification may be
used to effectively and sustainably manage SDS. Diversification of
the soybean-corn cropping system with oat, and clover or alfalfa,
in conjunction with the use of composted manure amendments,
greatly suppressed SDS development and protected soybean yield.
Previous studies have reported the suppression of SDS or F. virguli-
forme density in soil when soybean was rotated with wheat, sorghum,
or fescue (Rupe et al. 1997). Here, we provided the first systematic
report of SDS suppression in cropping systems that included ex-
tended rotation sequences coupled with the use of organic matter
amendments. The effect was consistent over 6 years, even when dis-
ease pressure was low. Moreover, we demonstrated that the reduced
SDS in the 4-year cropping system was associated with a lower
F. virguliforme density in soil, as assessed using a sensitive F. virgu-
liforme-specific qPCR-based assay, compared with the 2-year system.
Cropping system diversification significantly influenced SDS
symptom development in all years of the study. In all 6 years, SDS
severity was higher in the 2-year cropping system plots compared
with the more diversified systems; foliar symptom severity was up
to 17 times higher in the 2-year system compared with the 4-year sys-
tem. In 5 of the 6 years, SDS incidence was higher in the 2-year crop-
ping system than in the more diversified systems. The effects of
cropping system on SDS incidence or foliar severity were observed
even in years with low disease expression (2011 and 2012). Greater
SDS foliar severity in 2-year system plots was associated with greater
root rot severity and lower root dry weights, in at least some of the
sampling times in each of the 3 years these variables were measured.
Although it is likely that other pathogens or environmental stresses
may have contributed to the root discoloration observed, F. virguli-
forme was isolated at higher frequency from roots from the 2-year
system compared with the more diversified systems in 2012 and
2013, consistent with root rot trends.
The low levels of SDS in 2011 and 2012 may be explained by the
amount of precipitation in those years. Development of SDS is highly
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Fig. 3.Mean root rot severity (percent) and root dry weight (grams) assessed at 10 days after emergence (DAE) and at growth stages R1-R2, R3-R4, and R5-R6 in soybean plots in
2-year, 3-year, and 4-year cropping systems (black, gray, and white bars, respectively) near Boone, IA, at the Iowa State University Marsden Farm in 2011, 2012, and 2013. Root rot
severity was assessed as the percentage of root area showing brown or black discoloration. Means presented are for the main effect of cropping system, averaged over weed
management regime, because the interaction of cropping system and weed management was generally not significant. Error bars indicate standard errors of mean values.
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dependent on soil moisture (Leandro et al. 2013; Scherm and Yang
1996), and higher-than-average precipitation, especially during soy-
bean reproductive stages, has been associated with SDS epidemic
years (Leandro et al. 2013). In the current study, all 4 years with
severe SDS symptoms had one or more months during the growing
season where rainfall greatly exceeded the monthly average. Al-
though cool temperatures have been shown to favor SDS in con-
trolled environments (Gongora-Canul and Leandro 2011b; Scherm
and Yang 1996), a close association between soil temperature and
SDS epidemics has not been observed in field conditions (Leandro
et al. 2013). In 2012, warmer-than-average temperatures in April
through June coincided with lower-than-average precipitation but
our data are insufficient to demonstrate that temperature influenced
SDS development in this study.
Soybean yield was greatly affected by cropping system, and this
effect was strongly associated with SDS, which is known to cause
devastating yield losses (Hartman et al. 2015a; Leandro et al. 2012).
Yields in 3- and 4-year system plots were up to 40% greater than
yields in 2-year system plots. Regression analysis showed that 50
to 87% of the variation in yield was explained by SDS incidence,
and that SDS severity explained 30 to 70% of the variation in yield.
In 2011 and 2012, the years when SDS foliar disease was low, yield
differences were smaller, although the same relative effects of crop-
ping system could be observed. This reduction in yield might have
been partly caused by root damage caused by F. virguliforme infec-
tion, because it is possible to have root rot without the expression of
foliar symptoms (Gray and Achenbach 1996; Navi and Yang 2008).
Our root rot data do not indicate strong associations between root rot
severity and yield in all years. This may be due to the fact that plants
used for root plating were selected arbitrarily within plots, whereas
SDS is known to occur in patches (Roy et al. 1997; Scherm et al.
1998). We sampled only a small number of plants (10 or fewer) from
relatively large plots, and plants were selected without prior knowl-
edge of the location of SDS. Consequently, our data may not reflect
relationships among root rot severity, incidence of F. virguliforme
root infection, and yield in patches with high SDS incidence. In ad-
dition, research conducted with other root rot pathogens has shown
that the impact of root rot on soybean yield is hard to demonstrate
(Dı´az Arias et al. 2013). The impact of the root rot phase on yield
is one of the gaps in knowledge for SDS (Gongora-Canul and
Leandro 2011a).
Diversified cropping systems were associated with lower F. virguli-
forme population densities in soil, as demonstrated by quantification
Fig. 5. Abundance (log10 scale) of Fusarium virguliforme (Fv) DNA per gram of soil,
determined using single-copy internal transcribed spacer ribosomal DNA targets, in
soil samples collected in 2012 and 2013 from soybean (S) and corn (C) plots of the
2- and 4-year cropping systems. Soil samples for pathogen quantification were
collected only from the low-herbicide subplots. Error bars indicate standard errors
of mean values.
Fig. 4. Dry shoot weights (grams per 10 plants) from soybean plants collected at four
growth stages in 2011 through 2013. Shoot samples were collected at 10 days after
emergence (DAE) and at soybean growth stages R1-R2, R3-R4, and R5-R6. Main plots
(18 by 85m) were assigned to 2-, 3-, and 4-year cropping systems (black, gray, and white
bars, respectively) using a randomized complete block design with four replications.
Means are presented for the main effect of cropping system; the interaction of cropping
system and weed management was generally not significant. Error bars indicate
standard errors of mean values.
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of F. virguliforme using qPCR. In both soybean and corn plots sam-
pled in 2012 and 2013, F. virguliforme density in soil was approxi-
mately fivefold greater in the 2-year than in 4-year system plots,
showing that the diversified cropping system suppressed pathogen
buildup in soil. SDS is an inoculum-dependent disease (Gray and
Achenbach 1996; Luckew et al. 2012; Njiti et al. 2001) and, there-
fore, pathogen density is a critical factor associated with disease in-
tensity. F. virguliforme can survive in soil for years as thick-walled
chlamydospores (Roy et al. 1997), and rotation with corn has been
shown to be ineffective for reducing F. virguliforme soil populations
or SDS symptoms (Xing and Westphal 2009). The fact that F. virgu-
liforme density was higher in both corn and soybean plots in the
2-year system illustrates the ability of the fungus to maintain viability
and high population densities in a corn-soybean rotation, even in the
absence of the soybean host crop.
Higher SDS severity and F. virguliforme populations in the 2-year
systemmay be the result of the greater frequency of soybean planting
in those plots. F. virguliforme can sporulate abundantly in decom-
posing roots, and F. virguliforme populations have been found to
peak at harvest (Luo et al. 1999; Rupe et al. 1997, 1999; Wang
et al. 2013). This is thought to be one of the causes of inoculum
buildup in soil (Roy et al. 1997; Rupe and Becton 1992). In addition,
the higher frequency of corn planting in the 2-year cropping system
may also play a role. Corn residues have been shown to support sur-
vival of F. virguliforme in soil (Navi and Yang 2016b) in field and
greenhouse studies. Monoculture of soybean in Indiana fields was
also reported to suppress SDS in comparison with corn-soybean ro-
tation (Xing and Westphal 2009). It is possible that the alternation of
corn and soybean is more conducive to SDS than is interruption of
that cycle with other crops.
It is intriguing that alfalfa and clover, which were used in the more
diversified cropping systems in the present study, are hosts to F. vir-
guliforme (Kobayashi-Leonel et al. 2015; Kolander et al. 2012). In
previous studies, alfalfa and clover developed root rot and showed
loss of root mass when infected by F. virguliforme (Kobayashi-
Leonel et al. 2015; Kolander et al. 2012). Although the impact of al-
falfa and clover on F. virguliforme inoculum and SDS has not been
tested, it is unlikely that these crops are contributing to suppression of
SDS in the more diversified cropping systems. Of particular interest
is oat, which was present in both the 3- and 4-year cropping systems,
and which may have contributed to suppression of F. virguliforme. In
a cover crop greenhouse study conducted by Kobayashi-Leonel et al.
(2015), oat and other grass species were not hosts to F. virguliforme.
In addition, oat used in rotation or as a cover crop has been shown to
suppress root rot diseases on corn (Darby 2003), pea (Williams-
Woodward et al. 1997), and strawberry (Elmer and LaMondia
1999). Oat roots produce avenacins, which are active saponin com-
pounds that have antimicrobial activity against several fungal patho-
gens, including Blumeria graminis f. sp. hordei, Bipolaris oryzae,
and Magnaporthe oryzae (Inagaki et al. 2013), and several oomy-
cetes (Deacon and Mitchell 1985). It is possible that the oat crop
played a role in F. virguliforme suppression in our study. However,
crop rotations in the more diversified cropping systems have 2- or 3-
year intervals between the oat crop and the following soybean crop;
thus, the mechanisms involved in possible F. virguliforme suppres-
sion by oat are likely complex.
Because our study examined multifaceted cropping systems and
weed management regimes which incorporated numerous farming
practices, the roles of individual practices are difficult to discern.
With regard to cropping system, crop rotation was confounded with
fertilization regime, because manure and lower rates of chemical fer-
tilizer were used in the 3- and 4-year systems, whereas only synthetic
fertilizers were used in the 2-year system. Therefore, we cannot con-
clude from this study whether the suppression of SDS and F. virgu-
liforme density in soil was due to the cropping sequence or fertility
regime.
Changes in plant–soil relations and soil microbial activity also
may have played a role in SDS suppression. In earlier studies at
the Marsden Farm trial, aboveground soybean biomass was greater
in the 3- and 4-year cropping systems than in the 2-year system
(Lazicki et al. 2016), and soils in the diversified systems had greater
microbial biomass than the 2-year system at a depth of 10 to 20 cm
(King 2014). One study in Arkansas reported that F. virguliforme
fungal colonies were recovered primarily from the top 15 cm of soil
in an Arkansas field (Rupe et al. 1999). However, the findings from
the Arkansas study, which was conducted in a field with a hard pan
layer and less organic matter than typical Iowa soils, may not be in-
dicative of the F. virguliforme distribution in soils at the Marsden
site. Although our study reports F. virguliforme detection in soil from
a single sampling depth (0 to 15 cm), we detected more F. virguli-
forme DNA in soil from the 2-year than the 4-year system. Further
work is needed to test the hypotheses that factors promoting robust
soybean growth and greater overall microbial biomass may decrease
soybean susceptibility to F. virguliforme infection.
The use of composted manure in the diversified cropping systems
may also have played a role by increasing soil organic matter
(Russelle et al. 2007) and affecting microbial communities in the rhi-
zosphere (Bailey and Lazarovits 2003; Bennett et al. 2012; Kirkegaard
et al. 2008). In our study, particulate organic matter concentrations
were higher in soil samples from diversified system plots than in the
2-year system plots (Liebman et al. 2013). However, Rupe et al.
(1993) documented field studies where SDS severity was more severe
in soils with high organic matter, whereas Scherm et al. (1998) sam-
pled nine commercial soybean fields and found no association between
organic matter and SDS severity. We are currently planning to charac-
terize soil microbial communities at the Marsden Farm site.
Amicrobial interaction that was of particular interest was the inter-
action of F. virguliforme with SCN. The interaction of SCN with
F. virguliforme has been shown to increase risk of SDS severity
(Leandro et al. 2012; Roy et al. 1989). However, no significant dif-
ferences were found in SCN counts among cropping systems or weed
management regimes in this study, except in 1 year. SCN counts
were below or close to 2,000 eggs cm−3 of soil in all treatments,
and these population levels are considered low risk to soybean pro-
duction in the following year (Niblack and Tylka 2016).
Weed management regime also significantly affected SDS, but
only in 2010 to 2013. In these years, SDS severity and incidence were
lower in the standard herbicide system, where weed management re-
lied on application of glyphosate-based herbicides, than in the low-
herbicide system, which used other, band-applied herbicides and
interrow cultivation for weed control. Because herbicide type was
confounded with cultivation and soybean genotype, it is not possible
to identify which specific factor affected disease in these years. How-
ever, differences were most likely driven by soybean genotype. In
2010 to 2013, the two weed management regimes used different soy-
bean cultivars. The soybean genotype used in the standard herbicide
system in 2010 to 2013 was rated as highly resistant to SDS, whereas
the genotype used in the low-herbicide system was rated as suscep-
tible. This is consistent with the disease trends observed in our plots
in 2010 to 2013. In 2014 and 2015, when the same soybean genotype
was used in both standard and low-herbicide systems, SDS incidence
and severity were not affected by weed management regime. This
suggests that the different herbicide and cultivation regimes used
to manage weeds did not influence SDS. This conclusion is consis-
tent with recent field trials, conducted across various states, which
show no effect of glyphosate on SDS (Kandel et al. 2015). Earlier
studies had reported an increase in SDS when glyphosate and other
herbicides were applied in field conditions (Sanogo et al. 2001). In
our study, lower SDS intensity seen in glyphosate-treated plots sug-
gests that weed management regime effects were driven by soybean
genotype.
Diversified cropping systems, especially those integrated with
livestock production, offer numerous potential environmental and
agronomic benefits, including improved soil quality; greater nutrient
cycling and retention; greater water-holding capacity; lower rates of
soil erosion; improved control of weeds and insect pests; higher rates
of crop pollination; reduced reliance on fossil energy; lower risk of
failure due to variable markets, weather, and pests; and greater crop
productivity (Ball et al. 2005; Bennett et al. 2012; Franzluebbers
et al. 2014; Gaudin et al. 2015; Kremen and Miles 2012). In addition
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to these benefits, diversified cropping systems can suppress certain
crop diseases (Abawi and Widmer 2000; Curl 1963; Kirkegaard
et al. 2008; Peters et al. 2003). Our study provides the strongest ev-
idence to date that diversified cropping systems can effectively sup-
press SDS. Adoption of diversified systems will require growers to
learn new practices and adapt to new farming equipment. However,
the environmental and disease management benefits of diversified
cropping systems, combined with the fact that profitability is as high
or higher compared with the dominant corn-soybean system (Davis
et al. 2012; Go´mez et al. 2012; Liebman et al. 2008), make it a prom-
ising alternative to growers.
Although this study took place in a single location, it clearly shows
that diversified cropping systems can have a dramatic effect on SDS.
Future work should focus on determining the mechanisms of SDS
suppression and conducting similar studies at more locations to ver-
ify whether the effects are broadly applicable.
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